Mid infrared throughput using 5 µm apertures was investigated using micro-FTIR spectrometers with conventional light sources at two laboratories and the synchrotron radiation infrared (SR-IR) light source at SPring-8. With both the light sources micro-FTIR microscopy can analyze the fundamental O-H vibration in andesitic glass with 1 weight % H 2 O through 5 µm apertures. Spectra obtained at SPring-8 show better relative standard deviations due to the brighter and more highly collimated nature of SR-IR compared to conventional light sources. The spectra with 100 and 1000 scans at SPring-8 have similar relative standard deviations to those with 1000 and 10200 scans, respectively, at laboratories. The successful analysis with 5 µm apertures using both light sources shows the potential for an improvement in the spatial resolution of micro-FTIR analyses.
logical time scale resulted in the present ocean. Much effort has been made to determine the H 2 O concentrations of glass inclusions in the crystalline phases of volcanic rocks because some glass inclusions can record H 2 O in magmas at depths. Knowledge of the concentrations of H 2 O and other volatile elements in magmas prior to their eruption has been gathered from glass inclusion studies with infrared (IR) and secondary ion mass spectrometry (SIMS, Ihinger et al., 1994 , for a comprehensive review of analytical methods, Johnson et al., 1994 , for a compilation of the concentrations of volatiles in glass inclusions). The infrared spectroscopic technique is non-destructive and costs much less than SIMS with respect to installation and routine technical support, al-
INTRODUCTION
Hydrogen is the most abundant and important volatile element to affect differentiation processes in the earth-forming materials. Hydrogen exists in the earth-forming materials as forms of molecular H 2 O, OH anion, and H in the depths (Thompson, 1992; Okuchi, 1997) . Molecular H 2 O and OH anion are commonly observed in magmas (Stolper, 1982) and play a significant role in chemical differentiation and volcanic eruptions. H 2 O in deep-seated magmas escapes during the ascent to the surface and is eventually lost during eruption, because the H 2 O solubility in silicate melts decreases with decreasing pressure toward atmospheric pressure. Degassing of H 2 O on a geo-though it is necessary to have samples doubly polished for infrared absorption analysis.
There is a rapid decrease in the number of glass inclusions with increasing size (Roedder, 1984) . It is therefore important, to know a minimum size to be analyzed. In infrared analysis, incident light is focused on the sample using reflecting optics like Cassegrain objective mirror, and the aperture is set to select the region for analysis. Utilization of the Fourier transform (FT) technique provided advantages for quantitative analysis with smaller amounts of light than the conventional grating instrument (McMillan and Hofmeister, 1988; Stolper and Holloway, 1988) . Using a conventional scanning instrument, Stolper (1982) reported infrared data analyzed with 140 µm or larger aperture size. In the literature, the FTIR method allows a 10-40 µm rectangular or circular aperture to mask the light (Nakashima et al., 1989; McMillan et al., 1991; Anderson and Brown, 1993; Vogel and Aines, 1996; Saito et al., 2001) . Experimental charges recovered from high pressure and high temperature conditions are also characterized by their small size. By the use of synchrotron radiation infrared (SR-IR) at Brookhaven, Meade et al. (1994) succeeded in determining the small amount of hydrogen in a single crystal of synthetic MgSiO 3 perovskite claiming that a conventional light source gives an obscure spectrum with a 40 µm aperture. Guilhaumou et al. (1998) reported analysis with 3 µm × 3 µm aperture by the use of SR-IR at Brookheaven. Since their works, we have been aware of the advantage of SR-IR for microanalysis. In the present paper, we aim to understand the possible advantages of SR-IR at SPring-8 for microanalysis of hydrous silicate glasses. SPring-8 is one of the third generation synchrotron facilities as APS and ESRF. Highly collimated and bright photon source of SR-IR at SPring-8 can be an advantage for microspectroscopy for materials of interest of us . SR-IR in SPring-8 is characterized by three or four times higher photon density than conventional lamp sources Shinoda et al., 2002) . For understanding possible advantages of SR-IR, we compared fundamental O-H vibration spectra obtained at our laboratories to those at beam line (BL) 43 IR at SPring-8 by the use of a standard glass sample.
EXPERIMENTAL

Glass synthesis
A standard glass was synthesized from an andesitic scoria that had erupted from the east flank of Fuji volcano at 1707 (HoTa-1). Wholerock major element contents of the natural rock were determined with a Rigaku 3550 X-ray fluorescence analyzer following the analytical procedures of Goto and Tatsumi (1991) . This andesite (58.21 wt.% SiO 2 , 1.12% TiO 2 , 16.92% Al 2 O 3 , 8.45% total iron as FeO, 0.17% MnO, 2.97% MgO, 6.6% CaO, 3.76% Na 2 O, 1.47% K 2 O, 0.33% P 2 O 5 , and 101.00% raw total oxides) is characterized as belonging to the high alumina basalt series of Kuno (1959) , and medium K series of Gill (1981) . It also forms part of calc-alkaline rock series of Miyashiro (1974) with the other 1707 andesites and dacites. Hydrous glasses were synthesized through melting of this andesite powder with the desired amount of water at 1 GPa and 1300°C for 1 hour using a piston cylinder type high pressure apparatus at the Institute for Geothermal Sciences of Kyoto University at Beppu. Quenching rate of 200°C per second was achieved by switching off the power supply. We used an Au 75 Pd 25 capsule in order to minimize the loss of iron to the capsule material (Kawamoto and Hirose, 1994) . Quenched glasses were crushed and separated for density measurements and then H 2 manometry, and to produce doubly polished thin sections for FTIR analysis following procedures of Ogo and Yamashita (1999) . The thickness of the doubly polished section was measured to be 105 µm thick using a digital micrometer.
H 2 manometry
The H 2 manometry was carried out at the Institute for Study of the Earth's Interior, Okayama University at Misasa, using a method modified from Yamashita et al. (1997) . The quenched glass product was crushed to small fragments (0.1-1 mm in size and 10-20 mg total), and loaded into a reaction vessel in a desiccated chamber. The sample was first heated under vacuum for 2 hours at 150°C to remove any adsorbed water, and then heated to higher temperatures for extraction of the intrinsic water. The intrinsic water was extracted by stepwise heating; the sample was held at a certain temperature, at which the commencement of significant dehydration was detected with a Pirani gauge, until the dehydration was completed, and then heated to 1000°C. The extracted water was purified cryogenically and converted to H 2 in a U furnace at 700°C. The H 2 was finally collected into a constant volume with a Toepler pump for the manometry measurement. The H concentration of the glass was 1.24 weight % as H 2 O.
FTIR analysis
In the laboratory at Beppu, transmission spectra were obtained in a range from 1500 to 12500 cm -1 with a JASCO 610 Fourier-transform spectrometer and JASCO Micro 20 IR microscope. In the Laboratory for Earthquake Chemistry at the University of Tokyo, transmission spectra were obtained in the range 750-7800 cm -1 and 2700-10000 cm -1 using a Perkin Elmer SPECTRA GX Fourier-transform spectrometer system. In the BL 43IR of SPring-8, transmittance spectra were obtained in a range of 1700 to 12500 cm -1 with Bruker 120HR Fourier-transform spectrometer, Bunkoh-Keiki microscope with 60° open angle and ×8 magnification and synchrotron radiation white infrared light. All spectra were obtained with a 4 cm -1 resolution. For general experiments we use a rectangular aperture set at a refocusing point between the sample and the detector for selecting the sample area. In the laboratories at Beppu and Tokyo, we used a Nickel plate with a 5, 10, 15, 20, 25 and 30 µm hole as an aperture attached to the glass plate in order to compare with spectra obtained at SPring-8 in which circle apertures are used. This aperture plate is 17 µm thick but its hole has 60° open angle on one side that allows infrared light with large divergence to pass through ( Fig. 1) .
At SPring-8, we put a 40 µm aperture at a refocusing point that works as 5 µm aperture at a sample location. When we put the 5 µm aperture attached to the sample at SPring-8, we had an undulated background due to possible interference between lights reflected through the aperture and the sample glass. Such undulated background can be eliminated by conventional configuration of aperture at the refocusing point without using the 5 µm aperture attached to the sample.
We first measured a reference spectrum of air and then those of the sample on a stage placed between the Cassegrainian condenser mirrors. A couple of emission spectra of air were also obtained and absorption spectra (nominally 100% line) were calculated from the data set in order to evaluate the precision data with respect to aperture size using 5-30 µm apertures at Beppu, and 5 µm at SPring-8. Spectral data were recorded at every 1.93 cm -1 . Average values and the relative standard deviations were calculated at every 50 cm -1 by use of 26 spectra. In Beppu, the spectra have the highest intensity at around 6000 cm -1 , whereas in SPring-8 the highest at 2000 cm -1 and the lowest at 5000 cm -1 . These differences result from the different characteristics of the optical instruments in the two facilities. For O-H fundamental vibration analysis, therefore, we compare representative precision at two spectra ranges: 2350-2400 cm -1 and 4300-4350 cm -1 . The relative standard deviations become smaller as increasing aperture size (Fig. 2(a) ). Since the precision is theoretically proportional to light intensities passing through apertures, the data should be proportional to the power of minus two of the aperture size. In the present data, smaller apertures have worse precision than expected based on data with larger apertures. This is due to possible larger effects of interaction with aperture wall in the smaller apertures. (1) and (2) were measured at the Laboratory for Earthquake Chemistry of the University of Tokyo, and (3) at Institute of Geothermal Sciences. All spectra were obtained by 1000 scans with a 5 µm aperture.
RESULTS
Infrared
MCT detector at Tokyo (Fig. 3) . All absorption spectra are shown without baseline correction. With all conditions, micro-FTIR microscopy can observe the fundamental O-H vibration in mid infrared region through a 5 µm aperture. Spectra obtained with W lamp, CaF 2 and InSb have better precision, although this assemblage is not suitable in a spectra range lower than 2000 cm -1 (Fig. 3) . The quartz beam splitter does not allow infrared light below about 3000 cm -1 to pass. The assemblage of KBr and MCT can be generally used in a wide spectra range between 600 and 6000 cm -1 . Infrared light of longer wavelength than the pinhole size of 5 µm is unlikely to go through the aperture. The increasing absorbance with decreasing wavenumber found in a range of 1000-2000 cm -1 with KBr and MCT assemblage is not therefore reliable (Fig. 3) . Positive or negative spikes at 2350 cm -1 are due to change of CO 2 in the atmosphere with time.
Infrared absorption spectra of the standard glass were measured with 100 µm rectangular aperture placed at the refocusing position between the sample and the detector, using a W lamp, CaF 2 beam splitter, and InSb at Beppu. The absorbance peak height of the 3540 cm -1 band due to fundamental O-H stretching vibration was about 1.06 after baseline correction (Fig. 4(a) ). All the other sample spectra have a peak height ranging from 1.02 to 1.07 at 3540 cm -1 after baseline correction. The glass was measured using a 5 µm aperture for 100, 1000 and 10200 scans with the same conditions. It takes 120 minutes to accumulate 10200 scans, 15 minutes for 1000 scans, and two minutes for 100 scans in Beppu, whereas it takes 75% of those to accumulate scans in SPring-8. Better precision was obtained with a greater accumulation of scans (Fig. 2(b) ). Although the precision data are theoretically proportional to the minus 0.5 power of accumulation numbers, the data with 10200 scans are worse than expected based on the 100 and 1000 scans data. This indicates that light is not stable during experiments for relatively longer duration. At BL43IR of SPring-8, we obtained spectra of the identical glass plate for 100, 1000, and 10200 scans (Fig. 4(b) ). The spectra with 100 and 1000 scans at SPring-8 have similar relative standard deviations to those with 1000 and 10200 scans, respectively, at Beppu (Fig. 2(b) ). The better precision can be a result of the brighter synchrotron radiation light. This indicates that SR-IR at SPring-8 will be a useful light source for study of phenomena occurring in a relatively shorter time scale such as in-situ analysis of diffusion processes.
The present study indicates that micro FTIR instruments with conventional light sources and SR-IR at SPring-8 can obtain the mid IR throughput even using a 5 µm aperture. The apertured light enabled us to observe fundamental O-H stretching absorption. Micro-FTIR instruments may have the potential to have spatial resolution of 5 µm with an appropriate number of accumulated scans. However, we should be aware that the present light throughput ability does not directly lead us to suggest a spatial resolution with the same scale. The spatial resolution must be defined as the ability to distinguish an impurity having a specific distribution from a matrix. In order to obtain more throughput with a small aperture, the open angle of condensed mirrors should be smaller (Fig. 1) , although subsequently numerical number, in other words, optic spatial resolution, can be reduced. The brightness and collimated feature of SR-IR should enable us to carry out microanalysis in less time.
